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PM Emissions
PM2.5 (particulate matter equal or smaller than 2.5 micrometers in diameter) is a criteria pollutant regulated by the Environmental Protection Agency (EPA). Due to the harmful health and environmental impacts of PM2.5 emissions, sources of PM2.5 and resulting EPA PM2.5 non-attainment (i.e., non-compliant) areas have been receiving significant scrutiny in the past decade. The health effects associated with PM2.5 can range from aggravation of respiratory and cardiovascular disease to premature mortality. 1 Most particulate matter from aircraft engines is PM2.5, which make aircraft a relatively large contributor of PM2.5 near airports and military bases. Although a standard methodology for PM measurements from turbine engines is yet to be developed, state-of-the-art instrumentation used in aerosol research applications and accepted by the scientific community for turbine engine measurements, was employed in this effort. 2 Realtime analysis of the mostly non-volatile PM emissions was performed using a TSI Model 3022A Condensation Particle Counter (CPC) to provide a count of the total particles per unit volume (particle number). The CPC uses the principle of condensing supersaturated vapor on submicron size particles, which are then counted with an optical detector. Two scanning mobility particle sizers (SMPS) TSI Model 3936 were employed to measure particle size distributions and mean particle diameter according to their mobility through an electric field. The SMPS units consisted of a long differential mobility analyzer (DMA) TSI Model 3081 coupled with either a CPC TSI Model 3776 or Model 3025 for classifying particles in the range of 7 to 289 nanometers (nm) in diameter. One SMPS was used to analyze probe-tip diluted samples, while the second was used to analyze samples diluted in a "dilution chamber" (DC) located at the base of the probe stand. Two identical in-house designed smoke samplers were used for determination of engine smoke numbers following the techniques in the SAE ARP 1179 3 and to collect samples for post-test chemical and carbon type analysis. The soot samples for chemical and carbon-type analysis were collected by passing a predetermined volume (~57 liters) of undiluted exhaust sample through the quartz filters via heated lines (150°C). Soot samples were chemically analyzed to investigate differences in the quantity and type of polycyclic aromatic hydrocarbons (PAH) compounds absorbed onto the particulate samples with the different fuels. The samples were prepared for analysis using ultrasonic extraction with methylene chloride, and analyzed via gas chromatography/mass spectroscopy (GC/MS) to study impacts of the alternative fuels on type and concentration of PAH compounds. A second set of soot samples was analyzed via carbon-burnoff in a LECO RC-612 Multiphase Carbon Analyzer to determine the total mass and the organic and elemental carbon fraction. In the LECO analyzer, the soot sample is oxidized in the presence of excess oxygen as the furnace temperature is increased at a rate of 105°C/min from an initial 325°C (held for 7.5 minutes) to 750°C (held for 10 minutes). Species that oxidize at lower temperatures (< 325°C) are considered volatile organic species (e.g., PAH), while those that oxidize at higher temperatures are assumed to be primarily elemental carbon (EC) (e.g., highly graphitic). The total carbon mass is the sum of the volatile (i.e., organic carbon (OC)) and elemental carbon. Engine PM mass was also measured directly with a Thermo Scientific Model 5012 Multi-angle Absorption Photometer (MAAP). The MAAP measures black (elemental) carbon by simultaneously measuring the optical absorption and light scattering of the particles collected on a glass fiber filter. This technique accounts for the change in light transmission through the filter as well as the effects of reflection and the scattering of light in multiple directions due to particle size and shape. For these tests, most MAAP samples were collected at a flow rate of approximately 10.0 slpm and a nitrogen dilution of 10-80:1 controlled using mass flow controllers. The actual dilution ratios were calculated based on the CO 2 concentration in the diluted sample to the MAAP and the engine raw CO 2 emissions. The CO 2 for the diluted particle sample was measured with a Non-dispersive Infrared (NDIR) analyzer (California Analytical Model 602P).
Gaseous Emissions
Major gaseous species (i.e., CO, SO 2 , NO x ) were quantified using an MKS Multi-Gas 2030 Fourier Transform Infrared (FTIR)-based gas analyzer. The analyzer quantifies gas species concentrations by measuring the absorption of an emitted infrared light source through the gas sample. Measurement of aldehydes was accomplished with the FTIR-based analyzer and following the EPA Compendium Method TO-11A. 4 For the latter, engine exhaust flows at 2 SLPM for five minutes through an ozone scrubber and then through a silica gel cartridge treated with 2,4-dinitrophenylhydrazine (DNPH). The ozone scrubber prevents depletion of DNPH. After completion, the cartridges were capped, placed into foil lined bags and stored in a 4°C cooler for transport for post-test analysis. In the laboratory, the cartridges were treated with 5 mL of acetonitrile to extract the derivitized aldehyde, and the extracts were analyzed by High Performance Liquid Chromatography (HPLC). Standard solutions of aldehydes were prepared and analyzed to develop a calibration range between 0 and 15 ug/mL of each derivitized aldehyde.
Volatile organics were collected by flowing engine exhaust at 1 standard liter per minute (SLPM) for 5 minutes through an activated charcoal carbon tube. As with the DNPH cartridges, the tubes were capped and stored in a 4°C cooler for transport to the laboratory for post-test analysis. In the laboratory, the charcoal tube was separated into front and back bed vials, and the organics were extracted from each bed using 1 mL of carbon disulfide spiked with a known quantity of C 20 , and the solution transferred for quantification in a GC/MS. Standard solutions of most organic compounds were prepared and analyzed to develop a calibration range between 0 and 25 µg/ml. Comparison to the calibration standards was performed to quantify the mass of each HAP per volume of gas.
Emissions Sampling System
The emissions sampling system consisted primarily of three particle (N 2 -diluted) and four gas (undiluted) probes (1.45 mm orifice diameter) connected to heated transfer lines to the instruments. A simplified flow diagram is shown in Figure 3 . The probe rake was installed 10 cm off the engine axis (unobstructed by the exhaust nozzle centerbody) and approximately 42 cm from the engine exhaust plane in order to capture the engine core exhaust and avoid diluting with bypass air or contaminating with surrounding air. Special attention was given to align the rake perfectly parallel to the engine axis to prevent any unfavorable loads on the rake side walls, which could create rake instabilities, excessive movement and potential aircraft damage. The rake was mounted on a heavy duty steel structure extending a total height of approximately four meters. The stand was restrained with three tanks of water (~3400 kg total weight) to prevent movement during engine operation (Figure 4) . The particle and gas probes had nominal port diameters of 1.6 mm and 1.5 mm, respectively and were separated by 3.18 cm center-to-center ( Figure 5 ). Nitrogen, supplied from liquid dewars, was used to dilute the PM sample at the probe tip to minimize condensation of water and organic species, and particle loss to the wall due to high wall-sample temperature gradients (thermophoresis). Probe-tip dilution is the most widely accepted dilution technique for sampling of turbine engine PM emissions. 2 For engine power settings above idle, secondary dilution (up to 50% of total) injected into the sample line approximately 2.5 m from the probe tip, was necessary to avoid saturation of the CPC. Although the dilution ratios were set using high precision flow controllers, the reported ratios are based on the ratio of the carbon dioxide (CO 2 ) concentration of the diluted and undiluted streams. The average of two measurements using different dilution ratios was used for the particle number data reported herein. Dilution ratios were ranged between 4 to 90:1 and varied significantly for each power setting. The sampling system was configured to direct the sample from each probe to different instruments by means of fast-response ball valves. The routing valves were installed in a heated box (150°C) located between the aircraft and the TERTEL. Due to the relatively short run times, each instrument received samples from only one probe for most of the tests. Samples were transported through stainless steel heated lines (150°C -gas, 75°C -diluted PM), 0.77 cm I.D. and approximately 23 m long.
Particulate samples diluted in a "dilution chamber" (DC) were also analyzed. The intent of the chamber (developed under an ongoing environmental (SERDP) program in collaboration with Oak Ridge National Laboratory) is to simulate chemical reactions and physical transformations (e.g., particle formation, condensation and agglomeration) as the engine exhaust mixes, dilutes and cools with the surrounding atmosphere. 
F-117 Engine
The F117-PW-100 engine is the military variant of Pratt & Whitney's PW2000 commercial engine, which powers the Boeing 757-200 aircraft. The F117 engine has a maximum thrust rating of 40,400 lb, an overall pressure ratio of 30.8:1 and bypass ratio of 5.9:1.
5 For these evaluations, emissions were measured at engine powers ranging from 4 to ~63% of max thrust.
Jet Fuel Characteristics
The fuels used during this evaluation were analyzed using ASTM specification conformance tests to verify fuel compliance with all JP-8 specifications (MIL-DTL-83133G). 6 Results are shown in Table 2 . Note that two JP-8 fuels were used either as a blend stock or neat during the tests. The JP-8b fuel was not used for ground or flight tests because it did not pass the specification tests for thermal stability (JFTOT) and water separation. Also, although within specification values, a significantly higher gum content was observed in the off-spec JP-8 compared to the baseline JP-8 (JP-8a) and the alternative fuels. Large gum content is indicative of fuel contamination by higher boiling oils or particulate matter. Despite not complying with the JP-8 specifications, a 50/50 blend of the off-spec JP-8 with the HRJ passed all the specification tests, and was therefore considered adequate for used in the C-17 evaluations. This is an important finding as off-spec JP-8, which would have otherwise been discarded, can be blended with an SPK-type fuel resulting in a fuel which complies with the JP-8 requirements.
The second JP-8 (JP-8a) complied with all specification tests and was blended with the HRJ and FT in a 50/25/25 by volume ratio. Results of the hydrocarbon type analysis of the neat HRJ, FT and two JP-8 fuels are shown in Table 3 . As listed, the JP-8 fuels were very similar in composition and distribution of paraffins and aromatics. The Sasol FT was comprised of primarily highly branched iso-paraffins (91%) with the balance in cycloparaffins, while the HRJ also consisted of only paraffinic compounds: ~10% normal, 2% cyclic and 88% branched. Both alternative fuels complied with the ASTM 7566-09 requirements for synthetic hydrocarbons for jet fuel. Distillation curves for the neat JP-8 fuels and the blends are shown in Figure 6 . The distillation temperatures are similar for the four fuels with the largest (although fairly small) difference with the JP-8/HRJ/FT fuel blend. This is the result of the lower distillation temperatures of the coalderived FT fuel relative to the HRJ and JP-8s. 
Figure 6: Distillation Curves for Tested Fuels
In this report, the emissions of the two alternative fuel blends are compared against those of the compliant JP-8 (JP-8a) with the understanding that it may not be a valid comparison for the JP8b/HRJ fuel due to the sensitivity of the PM emissions to the chemical composition of the fuel. Potential impacts of the chemical speciation on emissions are discussed in the results section.
Gas chromatograms of a typical JP-8, the tallow-derived HRJ and coal-derived FT fuels are depicted in Figure 7 . As shown, the HRJ and JP-8 have a similar range of carbon number compounds (~C 8 -C 18 ), and thus very similar boiling point distributions. The coal FT has a relatively narrow component distribution of lower molecular weight compounds (~C 8 -C 12 ), which inherently lowers the average fuel carbon number, fuel end point and flash point. HRJ (Beef Tallow) n-C 13 n-C 14 n-C 15 n-C 16 n-C 12 n-C 9 n-C 8 n-C 7 n-C 11 n-C 10 n-C 17
Test Conditions and Procedure
The test plan for this effort is shown in Table 4 . The intent was to measure the C-17 emissions from engine #3 at a wide range of conditions within the limitations of available test fuel and ground test time. Tests were conducted from low-to-high engine power, and each condition was run for approximately 15 minutes. This time period was usually sufficient to acquire steady state particle number data, two particle size distributions (for probe-tip and DC dilution) and particle mass measurements at two different dilution ratios. Also, five smoke number measurements, three soot samples on quartz filters, gaseous emissions and adequate sampling of volatile organics were accomplished. 
Atmospheric Conditions
Atmospheric conditions for each test day were recorded to assess any impact on emissions if conditions were significantly different. Average dry bulb temperature, relative humidity and atmospheric pressure for each test day are listed in Table 5 . All three test days were very similar with clear sunny skies, high temperatures and low relative humidity. The similarity in weather conditions suggests that these had minimal impact on the relative emissions measured. 
TEST RESULTS AND DISCUSSION

PM Emissions
Particle Number (PN) Emissions
Engine PN emissions (probe-tip dilution) ranged from 1.0E+07 -2.5E+07 particles per cubic centimeter (#/cm 3 ) for operation on JP-8 and 0.33E+07 -1.5E+07 #/cm 3 for the alternative fuel blends over the range of conditions tested. (Note: PN data were not corrected for particles losses in the sample lines.) For most test runs, the PN random uncertainties were < ±5%, reflecting the steadiness of the engine operation and robustness of the sampling system. Generally, the PN increased directly with engine power. The PN emission index (EI n ), defined as the number of particles per kg-fuel burned [mainly a function of the particle number and CO 2 (i.e., fuel/air ratio)], ranged between 7.6E+14 -13.0E+14 #/kg-fuel for JP-8 combustion, and from 2.1E+14 -12.6E+14 #/kg-fuel for the alternative fuel blends with consistently lower values for the JP-8/HRJ/FT blend. Samples diluted in the DC yielded very consistent/reproducible particle numbers at each condition with very low relative uncertainty (< ±3%). EI n trends and magnitudes were very similar to the probe-tip dilution data with values ranging from 6.0E+14 -14.0E+14 #/kg-fuel for JP-8 and 2.0 E+14 -6.0 E+14 for the JP-8/HRJ/FT blend (data for JP-8/HRJ testing was limited due to high winds causing air entrainment in the DC). Displayed in Figure 8 are the EI n for each alternative fuel blend normalized to the JP-8 EI n for each condition (except for 45% max thrust due to issues with the dilution system). As shown, significantly lower particle concentrations were generated for the alternative fuel blends relative to JP-8, especially for the idle condition (4%) which shows ~63% and ~73% lower particle concentrations for the JP-8/HRJ and JP-8/HRJ/FT fuels respectively. Likewise, the DC diluted samples show reduced EI n of ~52% and ~68% for the JP-8/HRJ and JP-8/HRJ/FT fuels respectively. The consistency in the particle number data with these two dilution methods is very encouraging as it demonstrates the validity of dilution chamber approach, and provides a second data set to further demonstrate the reduced PM emissions with the alternative fuel blends. The lower PM emissions with the SPK fuel blends are primarily due to their aromatic-free nature. Aromatics are known soot precursors which form PAH, which subsequently nucleate into soot particles. The propensity of aromatics to produce soot has consistently been demonstrated in large scale combustors and laboratory flames. 8 It is observed that an increase in engine power decreased the net effect of the alternative fuel on particulate emissions, but was still significant at ~37% lower for the JP-8/HRJ/FT blend at 63% max rated thrust. The larger impact on particulate emissions at lower engine power with SPK fuels has been observed previously. 9, 10 It has been postulated that at lower combustion temperatures, the rate of particle formation with low or zero aromatic fuels is lower compared to fuels with higher aromatics. As combustion temperatures increase, the relative role of aromatics on soot formation is reduced due to the increase in the chemical rates of soot production from the paraffinic compounds via fragmentation and polymerization reactions. Lower EI n at low engine power with the alternative fuel may also be the result of reductions in unburned hydrocarbons (UHC), as these may condense to form nuclei size particles in sample lines. The JP-8/HRJ blend, which as mentioned previously did NOT contain the baseline JP-8, showed very similar EI n compared to operation with JP-8 for engine power ≥ 54% max thrust and significantly higher values relative to the JP-8/HRJ/FT blend. This suggests that the off-spec JP-8 (JP-8b) used in the HRJ/JP-8 blend had a higher propensity for PM formation than the baseline JP-8. This was unexpected considering that the composition (including aromatic content and type) of both JP-8s was similar. The main difference between the JP-8s is the poorer thermal stability and higher (5X) gum content in the off-spec JP-8. Previous studies have shown that fuel thermal stability additives have negligible impact on PM emissions. 11 It is plausible that higher fuel gum content contributed to the relatively high PM emissions with the JP-8/HRJ blend; however, further research is warranted. 54% max thrust after which they decreased. As expected, the particle size increased for all fuels as a function of engine power due to the increased formation, growth, coagulation and agglomeration of soot nuclei. Similar size distributions profiles and trends were observed for the PM samples diluted in the DC. Notably, no nucleation mode (which indicates formation of particles via condensation of volatile components) was observed in the DC samples. Consistent with the particle number data, significantly lower particle concentrations were measured with the SMPS for the engine operating with the JP-8/HRJ/FT blend than for the baseline JP-8 and the JP-8/HRJ blend. Distribution curves for the alternative fuel blends at each power setting decreased in amplitude and shifted left compared to JP-8 operation reflecting the reduced concentration and particle size. Engine particle mean diameters, shown as a function of engine power in Figure 11 , ranged from 27 -55 nm for operation on JP-8, 21 -51 nm for JP-8/HRJ and 21 -49 nm for the JP-8/HRJ/FT blend. These ranges of mean diameters are similar to those previously measured on CFM56, T700 and T701C engines on JP-8. 9, 11 On average, the fuel blends produced particles with mean diameters 10-15% lower than the baseline JP-8, which agree with trends observed on TF33, CFM56 and T63 engines using 50/50 JP-8/FT blends. 10, 12, 13 Similar particle diameters and reduction trends were observed with the samples diluted in the DC. 
Smoke Numbers
Smoke numbers (SN) were measured for each engine setting for operation on JP-8 and the alternative fuel blends. A minimum of five measurements were performed per engine/fuel condition. For the measurement, raw exhaust samples (total of ~7.1 liters) were transferred via heated lines (150°C) to a smoke sampler where the smoke (carbon) sample was collected on a paper filter. Post-test analysis of each filter was performed using a reflectometer to compare the opacity between a clean and stained filter. Excellent data reproducibility was observed for most multiple runs for each engine/fuel condition (<±5%). The results, displayed in Figure 12 , show that the F117 engine SN ranged from 1.5 -18.0 for operation on JP-8 and the JP-8/HRJ blend, and from <0.4 -9.6 for the JP-8/HRJ/FT blend. Engine smoke number varied directly with power setting to engine conditions up to 45% max thrust after which the values were fairly similar. As depicted, significantly lower SN were produced for the JP-8/HRJ/FT blend for all conditions tested. Reductions of ~70% at 33% max thrust to ~45% at 63% max thrust relative to JP-8 were observed. Differences in SN between the baseline JP-8 and JP-8/HRJ blend were negligible. Smoke samples for engine operation with all three fuels at the engine conditions tested are shown in Figure 13 . The reduced soot emissions with the JP-8/HRJ/FT blend is evident, especially for the lower engine power conditions. These agree with all the particulate data collected. 
Gaseous Emissions
Gaseous emissions were measured using an FTIR-based MKS Type MultiGas 2030 Analyzer. The undiluted sample was drawn through a gas probe and transferred to the instrument via a heated sample line (150°C) following the guidelines of the SAE ARP 1256. Comparison between CO and NO x emission indices (EI) for the PW2040 engine (commercial variant of the F117) and the F117 engine in this effort (using JP-8) are shown in Figure 14 . As anticipated, CO decreased and NO x increased as a function of engine power. The PW2040 emissions data set, obtained from the ICAO Engine Emissions Databank Issue 16A 15 , contained data only for engine conditions in the Landing and Take-off (LTO) cycle, i.e., 7%, 30%, 85% and 100% engine power, none of which were evaluated in these tests. However, the plot verifies that the trends and magnitudes of the CO and NO x EIs measured here are comparable to those found in the ICAO databank. Figure 15 displays the CO and SO 2 emissions indices normalized to JP-8 data for all engine settings. The emission indices (EI) were calculated following the SAE ARP 1533. 16 As expected, SO 2 emissions were approximately 50% lower with the alternative fuel blends due to their 50% lower sulfur content. Also, significantly lower CO emissions (20-40%) were observed with the fuel blends. This could be attributed to the environmentally favorable chemical composition (lower carbon-to-hydrogen ratio, i.e., lower carbon number) and reduced ring compounds in the fuel blends, which contributes to improved combustion characteristics particularly at lower combustion temperatures (i.e., idle & 33% max thrust). Test data also show negligible differences in nitrogen oxide emissions between the fuels. 
Polycyclic Aromatic Hydrocarbons (PAH) and HAPs Analysis
PAH compounds absorbed on soot samples were identified and quantified via GC/MS to evaluate the impact of engine power setting and fuel on the relative and absolute concentrations. Sample analysis shows that only pyrene and chrysene were above the quantifiable detection limit for JP-8 operation at engine power of 63% max thrust. Although no PAH compounds were detected in the soot from the fuel blends, no conclusion can be drawn regarding fuel impacts from these data due to the very low concentrations detected.
Aldehydes and other hazardous air pollutants (HAPs) are produced during the combustion of hydrocarbons, and several have been identified as toxic compounds. Analysis of combustion generated HAPs was performed by sampling in DNPH and activate carbon cartridges to assess any differences in concentration between the alternative fuel blends and JP-8. The HAPs studied in this effort are listed in Table 6 . JP-8 Table 6 .
Hazardous Air Pollutants Investigated in F117 Engine Exhaust
Results show that HAPs are more prevalent at low engine power and that formaldehyde was the most dominant HAP for this engine, followed by acetaldehyde and benzene. Formaldehyde and acetaldehyde were the only two aldehydes measured beyond the sensitivity of the technique (EPA Compendium Method TO-11A) at concentrations of 2.5 -0.6 and 1.0 -0.06 ng/l respectively. The normalized EI for the compounds as a function of engine power are shown in Figure 16 . Lower aldehyde emissions for both compounds (60-80% at idle) were produced with both fuel blends compared to JP-8. Formaldehyde measurements with the FTIR analyzer were within 8% of the EPA method, which validate the concentrations and relative reductions observed. Measured benzene concentrations (found in the activated carbon cartridges) were also extremely low (<0.4 ng/l) and reductions up to ~85% at idle were observed with the fuel blends. Reduced benzene emissions were anticipated for the blends due to the aromatic-free nature of the alternative fuels. 
CONCLUSIONS
Emissions evaluations were conducted on a C-17 Globemaster III F117-PW-100 engine operated on conventional JP-8 and 50/50 blends of JP-8 and a beef tallow-derived HRJ, and a 50/25/25 blend of JP-8, HRJ and a coal-derived Fischer-Tropsch (FT) fuel for engine powers of 4, 33, 45, 54 and 63% of max rated thrust. The HRJ and FT fuels were comprised primarily of paraffinic compounds and were free of aromatics and sulfur. Results show that use of the alternative fuel blends resulted in no operational anomalies or detrimental effects on the gaseous or PM emissions of the F117 engine for any of the conditions tested. Significant reductions in CO emissions (~30%) and more significant reductions in sulfur oxides (50%) and PM emissions (30-60%) relative to operation with JP-8 were observed. Slightly smaller mean particle diameters and reduced HAPs emissions were also observed with the alternative fuel blends. Lower soot emissions are largely due to the decreased aromatic compounds in the fuel blends. These findings are consistent with previous tests by the Air Force Research Laboratory (AFRL) and others on other turbine engines for military and civilian aircraft.
In conclusion, blends of JP-8 with HRJ and comingled HRJ/FT fuels resulted in no discernable differences in the operation of the F117 engine, while producing significantly lower combustion emissions.
